Searches for final states expected in models with light gravitinos have been performed, including experimental topologies with multi-leptons with missing energy, leptons and photons with missing energy, and jets and photons with missing energy. No excess over the expectations from the Standard Model has been observed. Limits are placed on production cross-sections in the different experimental topologies. Additionally, combining with searches for the anomalous production of lepton and photon pairs with missing energy, results are interpreted in the context of minimal models of gauge mediated SUSY breaking. Exclusion limits at the 95% confidence level on the supersymmetric particle masses of ml > 70 GeV and mχ0 1 > 85 GeV for tan β = 2, and mτ > 76 GeV, mẽ ,μ > 93 GeV and mχ0 1 > 76 GeV for tan β = 20, are established.
Introduction
Supersymmetry (SUSY) [1] provides a method of solving the "naturalness" or "hierarchy" problem by introducing a set of new particles which cancel the large radiative corrections to the Higgs mass. The cancellation is achieved by assuming that, for each Standard Model (SM) particle chirality state, there is one additional particle, identical to its SM partner except that its spin differs by 1/2 unit. If SUSY were an exact symmetry, the new SUSY particles would have the same masses as their SM partners. Since this scenario is experimentally excluded, SUSY must be a broken symmetry. It is typically assumed that SUSY is broken in some "hidden" sector of new particles, and is "communicated" (or mediated) to the "visible" sector of SM and SUSY particles by one of the known interactions. Two scenarios for this mediation have been widely investigated: gravity and gauge mediation. In gauge mediated SUSY breaking (GMSB) [2, 3, 4] , the hidden 1 sector can lie at energies as low as about 10 4 GeV. In most current GMSB theoretical work, it is assumed that this hidden sector is coupled to a messenger sector, which in turn couples to the visible sector through normal SM gauge interactions. The advantage of GMSB over gravity mediated models is that flavour changing neutral currents cannot be induced by SUSY breaking, because the normal gauge interactions are flavour blind. A feature which distinguishes gravity from gauge mediated models is the mass of the gravitino,G. In gravity mediated models,G is usually too heavy to have a significant effect on SUSY phenomenology, while in GMSB models, theG is typically light (< 1 GeV) and is the lightest SUSY particle, the LSP. WhileG is a spin 3/2 particle, only its spin 1/2 component (which has "absorbed" the goldstino associated with spontaneous SUSY breaking via the "superhiggs" mechanism) interacts with weak, rather than gravitational, strength interactions, and contributes to phenomenology.
In GMSB, the next-to-lightest SUSY particle (NLSP) is essentially always either the lightest neutralino (χ 0 1 ) or the lightest scalar lepton (l ± 1 ), and in a significant fraction of the parameter space the NLSP is the lightest scalar tau lepton (τ 1 ). The coupling of the SUSY particles toG is small, and typically SUSY particles will decay to the NLSP, which then decays to the gravitino viaχ 0 1 → γG orl → ℓG. If the decay to the gravitino occurs with a small lifetime, the distinguishing feature of GMSB is events with energetic leptons or photons, plus significant missing energy due to the missing gravitinos.. OPAL has considered scalar lepton and lightest neutralino pair creation in these scenarios in previous publications [5, 6] . It is also possible in GMSB for the NLSP lifetime to be significant and it may decay near the interaction point, at an observably macroscopic distance, or outside the detector. This paper reports the first OPAL results on the systematic search for experimental topologies expected in GMSB models, assuming prompt decays of the NLSP into theG. Many signatures expected in GMSB with long lifetimes have been considered in other OPAL publications [5, 7, 8] , and the case of arbitrary lifetime will be considered in a subsequent publication. The new experimental results reported in this paper are combined with those from previous publications to constrain minimal GMSB models. Results from searches for GMSB have also been reported by the other LEP collaborations [9, 10] .
OPAL Detector and Event Simulation
The OPAL detector is described in detail in Reference [11] . The SUSYGEN [12] event generator was used to simulate most of the signal events. Forχ 0 1 pair creation in theχ 0 1 NLSP case, 1000 events were simulated for eachχ 0 1 mass, using 6 mχ0 1 points from 50 GeV to 94 GeV. Forl pair production in theχ 0 1 NLSP case, 1000 events were generated for each (ml,mχ0 1 ), using a grid of 48 different points for eachl flavour. Similar one-or two-dimensional mass grids were used for ℓ andχ 0 1 pair production in thel (andτ ) NLSP cases. For chargino pair production,χ + 1χ − 1 , and the associated pair production of the lightest and second lightest neutralino,χ 0 2χ 0 1 , in theχ 0 1 NLSP case, the W and Z boson widths can play an important role and are not fully treated in SUSYGEN. The DFGT generator [13] is used to simulate these signal events. It includes spin correlations and allows for a proper treatment of the W boson and the Z boson width effects in the chargino and heavy neutralino decays. Both SUSYGEN and DFGT include initial-state radiation. The JETSET 7.4 package [14] is used for the hadronization. The gravitino mass is set identically to zero in the generation, since a small mass in the range favoured by the models has a negligible effect on the detection efficiencies.
The sources of background include two-photon, lepton-pair, multihadronic, and four-fermion processes. The Monte Carlo generators PHOJET [15] (for Q 2 < 4.5 GeV 2 ) and HERWIG [16] (for Q 2 ≥ 4.5 GeV 2 ) are used to simulate hadronic events from two-photon processes. The Vermaseren [17] program is used to simulate leptonic two-photon processes (e + e − e + e − , e + e − µ + µ − and e + e − τ + τ − ). Four-fermion processes were simulated using KORALW [18] , and with the grc4f [19] generator, both of which take into account all interfering four-fermion diagrams. The improved simulation of initial-state radiation makes the use of KORALW essential for events including photons in the final states. Lepton pairs were simulated using the KORALZ [20] generator for τ + τ − (γ), µ + µ − (γ) and ννγ(γ) events, and the BHWIDE [21] and TEEGG [22] programs for e + e − → e + e − (γ) events. Multihadronic, qq(γ), events were simulated using PYTHIA [14] . Generated signal and background events were processed through the full simulation of the OPAL detector [23] and the same event analysis chain was applied to the simulated events as to the data. A data set of approximately 182 pb −1 at a luminosity weighted centre of mass energy of √ s = 188.7 GeV was used for the analysis.
Analysis
For all the selections, after the event reconstruction, double-counting of energy between charged tracks and calorimeter clusters is corrected by reducing the calorimeter cluster energy by the expected energy deposition from aligned charged tracks [24] . The selections for events with leptons or hadronic jets plus photons and missing energy described in Section 3.1, as well as four or six leptons plus missing energy in Section 3.2, use the same lepton and photon identification and isolation requirements and preselection as the OPAL Chargino/Neutralino analysis [7] . The most significant preselection cuts require that there is no significant energy in the OPAL forward calorimeters.
The search for lightest neutralino pair production followed by the decaysχ 0 1 → γG uses the OPAL selection of events with photon pairs and missing energy [6] . The analysis selects events with at least two photon candidates and significant missing energy, along with no other significant energy in the event. A total of 24 events are selected, which is consistent with the expectation of 26.9±1.2 events from Standard Model e + e − → ννγγ(γ) production and 0.11±0.04 from all other sources. The selection efficiency for e + e − → ννγγ(γ) within the kinematic acceptance of the analysis is (66.4±2.9)%. One can calculate [25] the maximum neutralino mass, M max
which is consistent with the measured three-momenta of the two photons. A cut on M max χ 0 1 provides further suppression of the ννγγ(γ) background while retaining high efficiency for the signal hypothesis. We require that the maximum kinematically allowed mass be greater than mχ0 1 − 5 GeV, which retains (95.5 +2.0 −1.0 )% relative efficiency for signal at all values of mχ0 1 while suppressing much of the remaining ννγγ(γ) background. The number of selected events consistent with a given value of mχ0 1 varies from 14 for mχ0 1 ≥ 45 GeV to 3 events at the kinematic limit. The expected number of SM background events decreases from 13.67 ± 0.20 at mχ0 1 ≥ 45 GeV to 1.34 ± 0.07 consistent with mχ0 1 ≥ 94 GeV.
With aχ 0 1 NLSP, scalar lepton, charginos and neutralinos may be observed via
In all cases, the signature is events with two photons plus missing energy, plus other activity in the detector. Scalar lepton production will always lead to a low multiplicity final state, and only events with at most six charged tracks are considered in the analysis. Chargino pair production and neutralino associated pair production may lead to either low or high multiplicity final states depending on the decays of the W ( * )± and Z ( * ) bosons. For charginos and neutralinos, the analysis is therefore divided into two categories:
(HM) High-multiplicity topologies, with N ch − N conv > 4, where N ch is the total number of charged tracks in the event, and N conv is the number of charged tracks originating from identified photon conversions,
The background composition depends on the event kinematics, which are functions of the mass difference between the produced particles and the lightest neutralino, ∆m = m − mχ0 1 . The analysis is therefore separately optimized for different ∆m regions.
The analysis cuts first require events with significant missing energy, and that the missing momentum is not directed along the beam axis. It is also required that the events are acoplanar 2 , have significant missing transverse momentum, and that the visible energy be significantly less than √ s. Additionally, unlike other SUSY searches, the LSP gravitino is essentially massless, and the backgrounds can be further reduced while retaining high efficiency by requiring that there be significant visible energy in the event. In the scalar lepton search, it is required that there be at least one identified, isolated lepton in each event. Finally, in all channels, it is required that there be at least two energetic photons in each event. Examples distributions of the event visible energy and the energy of the most energetic photon are shown in Figure 1 . The selection results are summarized in Table 1 , and the numbers of selected events are consistent with Standard Model sources.
The detection efficiencies for events froml +l− production assuming the decaysl → ℓχ 0 1 andχ 0 1 → γG are typically 30-50% for scalar electrons and muons, and 20-40% for scalar tau leptons. Summing the high-and low-multiplicity selections, the detection efficiencies for events fromχ + 1χ − 1 production assuming the decaysχ ± 1 → W ( * )±χ0 1 andχ 0 1 → γG range from 20-50%, depending on the masses of the chargino and lightest neutralino. Summing the high-and lowmultiplicity selections, the detection efficiencies for events fromχ 0 2χ 0 1 production assuming the decaysχ 0 2 → Z ( * )χ0 1 andχ 0 1 → γG are typically 20-50%, depending on the mass of the two neutralinos.
3.2l NLSP

3.2.1l +l− Production withl NLSP
The search for lightest scalar lepton pair production followed by the decaysl ± → ℓ ±G uses the OPAL selection of events with lepton pairs and missing energy [5] . The analysis selects events Channel data bkg. with two lepton candidates and significant missing energy, along with no other significant energy in the event. A total of 301 events were observed in the data, consistent with the 303.3±1.9 events expected from all background sources. A likelihood selection using information about the leptons' energies, charges and polar angles is used to maximize the sensitivity of the analysis to slepton production for each slepton mass. An optimized cut for each scalar lepton mass on the likelihood is applied, as described in Reference [26] . No evidence for anomalous production of lepton pairs with missing energy is observed. 
Because the scalar tau lepton may be the lightest slepton, the signature may predominantly include tau leptons. The selection is sensitive to all 4-lepton plus missing energy final states. Additionally, with aτ NLSP, if the neutralinos are too heavy to be produced and the scalar tau lepton is significantly lighter than the scalar electron and muon, then the 6-lepton plus missing energy final state may contribute via e + e − →l +l− →
The analysis is similar to the 4-lepton selection, except that only one identified, isolated lepton is required. This is because these events typically have only two high energy leptons, both taus, and they often have nearby tracks from the other decay products and are therefore not isolated.
The analyses select low multiplicity events by allowing at most 10 charged tracks. The events are required to have significant missing energy by applying cuts on the missing transverse momentum and acoplanarity angle, and also requiring that the cosine of the polar angle of the total event momentum not be pointed along the beam axis. In the 4-lepton analysis, we require two identified, isolated leptons in the event and remove Standard Model τ + τ − γ events by vetoing events with photons with more than half the beam energy. In the 6-lepton analysis, only one identified, isolated lepton is required and if the event is consistent with one lepton plus two hadronic jets an additional veto on e + e − → W + W − → qqℓν is applied: events are removed if the invariant mass of the most energetic lepton and missing momentum is greater than 60 GeV, or if the mass of the two hadronic jets is greater than 60 GeV. Examples distributions of the event transverse momentum and the number of identified, isolated leptons are shown in Figure 2 . The selection results are summarized in Table 2 , and the numbers of selected events are consistent with Standard Model sources.
The detection efficiencies for events fromχ 0 1χ 0 1 pair production assuming the decaysχ 0 1 → ℓℓ → ℓℓG are fairly uniform for differentχ 0 1 andl masses, and about 50% if the neutralino decays into all three slepton generations with equal branching ratios, and 35% if it decays via staus with 100% branching ratio. The detection efficiencies for events from selectron and smuon pair production assuming decays into staus are also fairly uniform for different sparticle masses, and are typically about 50%.
Systematic Errors and Corrections
Systematic errors on the number of expected signal events arise from the following sources: the measurement of the integrated luminosity (0.5%); Monte Carlo statistics for the signal samples (1-2%), and interpolation errors when determining the efficiencies at arbitrary masses (typically 5%); gaugino field content of theχ ± andχ 0 which can lead to different production and decay angular distributions (< 5%); modelling of the cut variables in the Monte Carlo simulations (5-10%). The cut variable modelling error is determined by shifting each cut by an amount estimated by comparing data and Monte Carlo in high statistics samples.
The systematic errors on the expected number of background events are determined from: Monte Carlo statistics in the simulated background events (typically 5%); modelling of the cut variables (from 10-20%, depending on the analysis and kinematic region).
In the analyses in Sections 3.1.2 and 3.2.2, a common veto on energy deposition in the forward detectors was applied in the preselection. The rate of events in which accidental energy depositions in the forward detectors exceeds the veto thresholds used in the preselection is estimated from luminosity weighted random beam crossing events to be 2.9%. Since this effect is not included in the Monte Carlo simulations, the luminosity is reduced accordingly by this factor when deriving limits using the data.
Results
No significant excesses are observed in any channels, so limits are derived using the search results. Limits are derived using the method from Reference [27] , including the effects of systematic errors on the signal detection efficiencies and background expectation using the method from Reference [28] .
Model Independent Interpretations
For aχ 0 1 NLSP, assuming the prompt decayχ 0 1 → γG, production cross-section limit contours are calculated in the mass plane of the particle produced vs. the mass of theχ 0 1 . In this scenario, limits on the production cross-sections for the processes e + e − →μ +μ− , e + e − →τ +τ − , e + e − →χ + 1χ − 1 and e + e − →χ 0 2χ 0 1 are shown in Figure 3 . Typically, production cross-sections in excess of about 0.03 -0.1 pb are excluded at the 95% confidence level.
For al NLSP, assuming the prompt decayl → ℓG, production cross-section limit contours can be calculated in the mass plane of the particle produced vs. the mass of thel, shown in Figure 4 . Typically, cross-sections for e + e − →χ 0 1χ 0 1 larger than 0.05 -0.06 pb are excluded at the 95% confidence level for the degenerate slepton case, while cross-section larger than 0.07 -0.15 pb are excluded for the stau NLSP case. For scalar electron or muon pair production with a scalar tau NLSP, the cross-section limits are typically 0.06 -0.13 pb.
GMSB Model Dependent Interpretations
While there is no single GMSB model, there are typically [2, 3, 4] six new parameters in addition to those of the SM:
F, Λ, M, N, tan β and sign(µ).
The intrinsic SUSY breaking scale is √ F , which also determines theG mass according to mG ≃ 2.5 × F/(100 TeV) 2 eV. Since √ F affects primarily the lifetime of the NLSP we do not vary it for this paper, but simply assume that this lifetime is short enough to have no effect on our detection efficiencies. The parameter Λ sets the overall mass scale for SUSY particles, M is the mass of the messenger particles, N is the number of sets 3 of messenger particles, and tan β is the usual ratio of the Higgs vacuum expectation values. The final parameter is just the sign of the Higgs sector mixing parameter, µ, which introduces a two-fold ambiguity (the magnitude of µ is calculable from the other parameters in the minimal model by imposing radiative electroweak symmetry breaking). The messenger scale gaugino masses can be calculated using the relation
where the index i refers to the U(1), SU(2) or SU(3) gauge group, and the α i are the SM gauge couplings. The function g(Λ/M) is always slightly greater than 1, but its effect is only significant when Λ ≈ M. It is also possible to calculate all of the messenger scale scalar SUSY particle masses using Λ and N via
where k i are multiplicative factors determined by the particle's SM charge, hypercharge and colour charge. The function f (Λ/M) is usually near 1, except when Λ ≈ M. The electroweak scale particle masses may be calculated from the messenger scale masses using the renormalization group equations.
We will work in a theoretical framework based on Reference [2] , extending it by including a full mass treatment for all three generations of sparticles. The theoretical calculations are embedded in the SUSYGEN [12] generator. The complete interpretation framework is described in Reference [29] . The SUSY breaking scale (or equivalently gravitino mass) is not considered explicitly in this section, although it is assumed that MG < 1 GeV for the selection efficiencies to remain valid. The values of the parameters considered in our scan are shown in Table 3 .
In Figure 5 , 95% C.L. exclusion limits in the Λ vs. tan β plane are shown for different values of N. Theχ 0 1 NLSP signatures tend to be dominant for small N and low tan β, while thel NLSP signatures are more important for either larger N or larger tan β. Absolute 95% C.L. lower limits on Λ of 48, 31, 22 and 19 TeV are established for N = 1, 2, 3 and 4, respectively. In Figure 6 (a), the excluded region in the Ml vs. Mχ0 1 plane is shown for tan β = 2, corresponding to the case where the three sleptons are degenerate in mass. In Figure 6(b 
Conclusion
We have searched for signatures expected in models with gauge mediated SUSY breaking at a centre-of-mass energy of √ s = 189 GeV with the OPAL detector at LEP. No evidence in any search channel over the expectations from the Standard Model was observed. Limits are placed on the production cross-sections for a number of processes for the prompt decays of the next-to-lightest SUSY particle to a gravitino. The results are used to constrain minimal models of gauge mediated supersymmetry breaking. assuming the decaysχ 0 1 →τ τ , (c)ẽ +ẽ− assuming the decaysẽ →τ τ e and (d)μ +μ− assuming the decaysμ →τ τ µ. The limits assume that these decays are followed by the prompt decays ℓ → ℓG. The dashed lines indicate the kinematic limit. 
